Abstract-The transient temperature and stress distributions during the turn-on cycle of sub-THz vacuum electron devices (VEDs) are evaluated, thereby providing an explanation for the high stress environment created at the material surface causing fatigue failure. Furthermore, it is shown that there are transient tensile stresses that occur beneath the material surface out of phase from compressive stresses that can be the cause of the cracks observed in previously reported experimental data. High-frequency VEDs provide millimeter-wave radiation sources for many applications from space communication and medical imaging to remote chemical, biological, and weapon's detection. Lifetime estimates are presented using stress-based and strainbased approaches for such devices based on their peak operating surface temperature for low as well as high stress operating conditions.
electromagnetic wave and particle interaction modeling [4] as well as in micro and nanoscale fabrication techniques [5] , [6] , allowing for the development of advanced microvacuum electronic devices (VEDs) for operation in the terahertz region. While the average power handling of high-frequency VEDs has significantly increased in recent years [7] [8] [9] [10] , very little work has been reported to address thermomechanical lifetime limitations of VEDs in the high-frequency regime. This paper evaluates transient stresses at the surface of the material onset by the heating effects of high-power RF signal and electron beam interception. The results are then compared with previously reported experimental RF pulse heating data. Furthermore, stress-and strain-based approaches are used to predict the fatigue lifetime of such devices.
A linear temperature gradient through the thickness of the vacuum-to-cooling wall of the high-frequency VED is created when heat is generated in the thin skin depth layer under steady-state conditions. The heat generation is caused either by ohmic heating due to the propagating RF signal or by electron bombardment caused by electron beam interception with the VED's vacuum walls. While a linear temperature gradient alone does not produce stresses in the material, constrained boundary conditions resist the material from deforming, and hence cause thermomechanical stresses. A detailed analytical method of evaluation of the state of stress in a thin cooling wall of a VED with a linear temperature gradient is reported in [11] . A nonlinear temperature gradient is created through the thickness of the vacuum-to-cooling wall of the high-frequency VED during the transient state of the cycle. The few tens of nanometers of the material surface experience immediate ohmic heating and electron bombardment effects. The surface temperature rises almost instantaneously due to the ballistic thermal transport behavior, while the rest of the material medium responds more slowly. The temperature gradients developed due to this sudden surface temperature rise can cause significant thermal stresses independent of external mechanical constraints. These transient thermal stresses can be a cause of the surface cracks observed in existing experimental data.
Geometric constraints and cyclic heating and cooling cause gradual degradation and eventual failure of the material in a process referred to as thermal fatigue. When thermal cycles are coupled with external mechanical loading, the process is called thermomechanical fatigue. Even though cyclic stresses are the cause for degradation and damage in thermal and mechanical fatigue, the source differs-temperature transients cause stress in thermal fatigue environments, whereas external loading is the source for mechanical fatigue. Thermal transient environments can be caused by different mechanisms: constrained thermal expansion, thermal gradients through the material, and a combination of the two, which is often seen in designs using materials with mismatched coefficients of thermal expansion and thermal conductivity. All three of these thermal environments are present in a microwave VED: thermal expansion of the cavity walls is restrained by the external geometry to keep deformation within design tolerances, high thermal gradients are developed in the cooling walls during the high heat deposition event of the electron beam or high power microwave, and materials with mismatched coefficients of thermal expansion are used in designs for RF vacuum windows, electron guns, ceramic loaded cavities, and electron collectors.
II. TRANSIENT THERMOMECHANICAL ANALYSIS

A. Characteristic Scale
The analysis presented herein models the surface of the vacuum device as a semiinfinite homogeneous medium experiencing a sudden temperature change at the surface. The resultant stresses developed due to this change produce a transient stress state. Fig. 1 shows a cross-sectional view of a high-frequency VED and the simplified plate model employed for analysis.
The temperature field in this medium can be calculated by solving the homogeneous heat diffusion equation
The boundary conditions are given as follows:
Here, α is the coefficient of thermal diffusivity, which is given below
In (3), k is the thermal conductivity, ρ is the material density, and c p is the specific heat.
The solution to (1) describes the temperature distribution through the material thickness at different times after the occurrence of the temperature change at the surface 1
In (4), T s,1 is the surface temperature and T i is the initial temperature [see Fig. 1(b) ].
The heat flow corresponding to the above temperature field can be calculated using Fourier's law (q = −k∇T )
The temperature distribution through the material thickness at different times after the occurrence of the temperature change at the surface is shown in Fig. 2 . The properties of the oxygen-free high conductivity copper were used to generate this plot with an applied surface temperature of 150°C (equivalent to a temperature change T = 130°C from room temperature). Note that the temperature profile after a few milliseconds is almost linear upon the application of the surface heat.
The thermal time constant (τ c ) for the transient thermal response to a step change of surface temperature has been reported by Greffet [12] and Marin [13] 
where R is the heat propagation distance. For a heat propagation distance of 1 μm or less, the time constant is less than 10 ns in copper. When looking at short time scales, such as 10 ns or shorter, the Fourier law of heat conduction does not apply. The Fourier law modifies the temperature field instantaneously at every point in space after heat is applied to one side of the infinite plate; this would mean that heat can propagate faster than the speed of light. Cattaneo [14] modified Fourier's law to account for the paradoxical phenomenon of infinite speed of propagation that results from it
1 Where the error function is defined as er f (u) = 2
Research in nanoscale phenomena has been addressing heat transfer on the scales of a few tens of nanometers and less [15] [16] [17] [18] . On time scales much shorter than phonon relaxation times, heat transport is ballistic-or approximately equal to the speed of sound in a medium. If the characteristic time of the analyzed system is much longer than the phonon relaxation time, Fourier's law is valid. For the purpose of the analysis presented here, a time constant associated with a certain material thickness that is longer than the phonon relaxation time is used, so that Fourier's law without the Cattaneo modification applies. Therefore, it can be assumed that a thin layer (∼1 μm) of the surface is heated "instantaneously" on the time and length scales that are used for the analysis presented here. This effect is due to the ballistic thermal heat transfer through the electron motion and lattice vibrations on the diffusion length scales. For the analysis presented here, the temperature and stress states are evaluated on length scales of a few micrometers and up to about a few millimeters.
B. Transient Stress State
The cooling channel wall thickness in a high-frequency VED is on the order of 1 mm. The temperature distribution through the material thickness is shown in Fig. 2 at different times after the applied heat pulse for a given temperature change. As can be seen from this figure, after about 100 ms, the temperature of the material (specifically, copper) will reach ∼90% of the applied surface temperature at a depth of about 1 mm. After this time duration, the steady-state stress analysis can be used assuming a linear temperature gradient through the thickness of the plate. However, during every turn-ON cycle of the electron device, the material will experience a nonlinear temperature gradient during the first ∼100 ms of the pulselength resulting in a nonlinear thermal gradient-driven stress distribution.
The stress state can be calculated using the equations for thermal stresses in an infinite plate caused by a temperature distribution through its thickness
In (8), CTE is coefficient of thermal expansion, E is Young's modulus of elasticity, L is the plate thickness, and ν is Poisson's ratio.
The temperature change (τ ) can be calculated from the temperature change distribution
Often, a plane stress solution to the stress state is used [19] 
Note that the above solution assumes that the plate is fully constrained and does not account for in-plane forces and bending moments caused by the temperature gradient. The solution to the transient stress state for a plate with allowed extension and bending is
The transient stress state for a fully constrained plate, a plate with allowed bending and constrained extension, and a plate with allowed bending and extension are shown in Fig. 3 for the temperature distribution shown in Fig. 2 . The stress distribution that is commonly used in analyses is shown in Fig. 3(a) . As the pulselength approaches ∼100 ms and longer-the stress state for a plate with constrained extension and allowed bending [ Fig. 3(b) ] reduces to its steady-state conditions reported in [11] . In Fig. 3(c) , the stress state settles down to almost zero after about 5 ms of the application of the pulse when the temperature distribution moves into the linear regime of the error function. This is expected for an unconstrained plate with a linear temperature gradient through it.
Furthermore, a tensile stress region develops inside of the unconstrained plate in the areas about 200-400 μm below the heated surface. This tensile stress is developed under the surface of the material. It is often ignored and can explain the crack propagation in high heat flux environments reported by [19] [20] [21] . Crack initiation sites at the surface of the material will experience tensile environment continuously opening up the newly developed cracks and providing a favorable environment for crack growth.
Young's modulus is one of the essential coefficients affecting the peak amplitude of the stress. It can vary significantly with orientation of the crystal structure, and hence, it is one of the most important constants in the calculation of the stress distribution. An evaluation of anisotropic material effects on the state of stress is provided in our earlier work [11] . Thermal conductivity, specific heat, and the coefficient of thermal expansion are weak functions of temperature and hence (11) is a good approximation of the state of a stress through the range of temperatures of interest (from 20°C to 200°C).
III. COMPARISON TO EXPERIMENTAL RESULTS
Detailed experimental low cycle fatigue analysis induced by RF pulsed heating of a TE mode cavity was performed by Laurent et al. [20] on a variety of copper-based materials. Similar tests have been performed by Pritzkau and Siemann [21] on oxygen-free high-conductivity (OFHC) copper. Laurent et al. [20] concluded that their "…work has shown that pulsed heating surface damage in vacuum is dependent on processing time, pulsed heating temperature, material hardness, and crystallographic orientation." They studied surface damage on copper-based materials for RF cavities by exposing samples to ∼10 7 cycles of pulsed heating at primarily two different surface temperatures. Due to the geometry of the applied RF heating, locations of the observed damage could be related to the temperatures at that location. As a result, the onset temperature due to pulsed heating damage was also reported. This temperature value was used here to obtain peak stresses that material would have experienced during a transient thermal event. The summary of the results is provided in Table I . The data in this table are organized in an order of increasing onset temperature; the higher the onset temperature, the higher the heat flux, and hence RF power that the device can operate at. Laurent et al. [20] concluded that a material with higher hardness will have higher fatigue life, but this is not necessarily true. Materials with higher hardness are stiffer (their Young's modulus is higher), and hence, the stresses will be higher than developed stresses in softer materials for the same strain values. This is observed when comparing stresses developed in (100) and (111) copper grain orientations: the soft (100) orientation develops much lower stresses, and hence, the onset temperature of thermal fatigue damage was relatively high. Similarly, damage in the annealed single point diamond turned copper was onset at relatively high temperatures due to the ductility because of the large individual copper grains. Surface conditions of the material affect crack initiation behavior; local roughness provides suitable sites for crack development. Therefore, the method presented in this paper based on the transient stress analysis with the evaluation of microstructure and presence of strengthening mechanisms yields a better approach to the performance assessment of a device experiencing thermal fatigue. Copper chromium (CuCr) and copper zirconium (CuZr) are good material choices for designs that do not require high temperature processing. During a high-temperature thermal cycle, the precipitates dissolve into the material matrix and reduce their strengthening effects. This was also observed by Laurent et al. [20] for CuCr and CuZr in annealed states. High-temperature cycles have a minimal effect on Glidcop microstructure, and hence, its performance is minimally affected. This has also been shown for low-cycle fatigue by Daoud [23] .
The state of stress in such situations varies between the materials for the same thermal gradient conditions. Thermal conductivity, coefficient of thermal expansion, density, and specific heat define thermal strains developed in the material 2 C18200 alloy, chemically etched, simulated brazing cycle. 3 Hot isostatic pressed (HIP) copper (for porosity reduction) at 800°C and 1200 kg/cm 3 for 2 h. 4 C15000 hot extruded copper zirconium, diamond fly-cut, simulated brazing cycle. 5 Oxygen-free copper substrate with 300-μm-thick silver plating, diamond turned. 6 Oxygen-free half hard copper, surface diamond fly-cut. 7 Oxygen-free copper substrate with 300-μm-thick electrodeposited copper, diamond turned, chemically etched. 8 [100] single crystal copper substrate. 9 Single-point diamond turned (SPDT) oxygen-free copper, 2-μm chemical etch, fired in simulated brazing cycle.
10 C10700, mill hardened state, SLAC: carbide turned, KEK: diamond turned.
11 C15000 copper zirconium, solution heat treated, cold worked via swaging. 12 C15715 Al-15 grade Glidcop, clad extruded, diamond fly-cut. 13 C18200 alloy, chemically etched. due to temperature change; Young's modulus and Poisson's ratio then define the state of the stress based on these strains. Aicheler [22] also reported that during the study of grain orientation effects on material damage from RF and laser pulses, grains with (100) orientation had significantly less damage than grains with (111) orientations. They concluded that grains with (111) orientation go through local plastic deformation, whereas (100) oriented grains do not. In a finegrained material though, the distribution of stress is much more uniform than in the coarse grained one. This is because grains with (100) orientation may experience additional stress due to microplasticity of the (111) grains if the grain sizes are sufficiently small.
IV. FATIGUE ANALYSIS
To establish the allowable stress values, failure modes of the device must be evaluated. Material failure onset in a VED can be considerably more rapid than in other applications; there are primarily two failure states that can be identified: 1) excessive material deformation influencing the performance of the device by shifting of the frequency or reduction of the quality factor of the cavities and 2) initiation of surface cracking causing a reduction in cavity performance as well as additional heating, and hence further cracking.
The tensile stresses developed below the surface can be used in predicting the fatigue life of the device using Wohler curves [19] . In general, tensile stresses for a surface temperature of 150°C are sufficiently high to cause low-cycle fatigue failure, whereas tensile stresses for a surface temperature of 70°C would cause high-cycle fatigue failure. Table II summarizes the state of stress for copper-based materials for those two surface temperatures. In design of high-frequency vacuum electronics, the tensile stresses developed beneath the surface can be used for evaluation of failure onset in a cyclic loading environment. The von Mises yield criterion can be compared with the onset of yielding beyond which permanent material deformation would occur. Alternatively, using the von Mises criterion, one can establish maximum allowable operating temperature for a desired fatigue life for a given material.
Long fatigue life can be expected where stress levels are sufficiently low, thereby preventing crack initiation. When stress levels are well below the yield strength of the material, the stress-based approach should be used for fatigue analysis. This approach can be applied to short pulsed operating conditions corresponding to long life. Short fatigue life can be expected where stress levels are near or above the yield strength of the material and strain-based fatigue approach should be used for analysis in this situation. The key difference between the stress-and strain-based approaches is that in the strain-based analysis, the local to fatigue cracking area stresses and strains are used, whereas in the stress-based approach, the nominal or far-field stress values are used. A Wohler curve (S-N curve) can then be used for finding the acceptable stress level for a desired number of cycles to failure. Since S-N curves are usually developed for completely reversed loading conditions, mean stress effects in the fatigue life estimates can be included by using an equivalent completely reversed stress amplitude σ ar . A variety of expressions have been developed to describe the relationship between the completely reversed stress amplitude, stress amplitude, and mean stress, and these have been used here to evaluate the fatigue life.
A. Stress-Based Approach
The stress-based approach considers average stress values in the material
Equation (12) can be used to calculate number of cycles to failure (N f ) using equivalent completely reversed stress amplitude (σ ar ), fatigue strength coefficient (σ f '), and fatigue strength exponent (b). This stress-based approach indicates that annealed OFHC copper loaded at 40 MPa would fail after 10 9 number of cycles. This result is consistent with experimental data predicting 10 9 lifetime at 50-60 MPa loading for a fully reversed loading [19] . To achieve over 10 9 number of cycles, strengthened copper material must be employed and equivalent reversed stress amplitude (σ a ) needs to stay below 81 MPa; this is equivalent to a 62°C surface temperature rise if transient effects are not considered. As expected, consideration of mean stress effects provides lower life estimates; these are summarized in Table III . Four equivalent completely reversed stress amplitude models were considered (Goodman [24] , Morrow [25] , Smith-Watson-Topper (SWT) [26] , and Walker [27] −0.11, respectively, can be used to obtain conservative lifetime estimates [19] .
B. Strain-Based Approach
The strain-based approach considers local plasticity effects, and hence, it should be used when analyzing devices experiencing high stress levels in long pulsed operational environments. The strain-based approach provides for a more accurate analysis for short fatigue lives. The Coffin-Manson equation describes the relationship between the total strain amplitude and number of cycles
In (13), ε a is the strain amplitude, ε f ' is the fatigue strain coefficient, and c is the fatigue strain exponent; the first term of the equation is responsible for elastic behavior, whereas the second term is responsible for plastic behavior. At long lives, the elastic strain term of the equation dominates; at short lives, the plastic strains dominate the behavior. For copper with a grain size of about 70 μm, ε f ' and c were reported as 0.00468 and 0.205, respectively [28] . In contrast to the stress-based approach, these constants are grain size dependent.
Four equivalent completely reversed stress amplitude models were used here to calculate the fatigue life of Glidcop Al-15 with a temperature rise of 190°C, experiencing 551 MPa of compressive stress and 106 MPa of tensile stress. The equivalent completely reversed stress of 328.8 MPa would cause a strain of about 1% based on test data collected by Collins et al. [30] at room and elevated temperatures for tension and compression. Values for ε f ' (fatigue ductility coefficient, 0.125), σ f ' (fatigue strength coefficient, 377 MPa), c (fatigue ductility exponent, −0.48), and b (fatigue strength exponent, −0.066) were obtained from Collins. Fatigue coefficients and exponents provided by Daoud [23] and Ravindranath et al. [31] can also be used. The number of cycles to failure that each approach would predict is summarized in Table IV. The results indicate that the modified Morrow approach would provide the most conservative estimate for fatigue life (less than 500 cycles). The variation in fatigue life predictions of the four models points toward the need for better models for understanding of short lifetime fatigue behavior. The results based on the existing method presented here indicate that the Walker mean stress approach is in best agreement with experimental data for copper [19] . 14 Further details on the stress amplitude models can be found in [29] .
V. DISCUSSION AND CONCLUSION
Fatigue is the degradation of the mechanical strength of a material due to cyclic loading. In a VED, material undergoes cyclic loading during operation of the device as follows: 1) in a pulsed mode of operation, the device can experience high levels of stress for short periods of time (nanosecond to millisecond in duration) with some predetermined duty cycle and 2) in a continuous wave mode of operation, the device usually experiences lower levels of stress for periods of time on the order of few hundred milliseconds up to the fully continuous operation mode. The pulsed mode of operation subjects the material to higher loading than the continuous operational mode as a result of transient effects. Transient behavior of temperature and stress distribution in pulsed operations may allow for much longer operational lifetimes or higher acceptable stress levels for desired lifetime. In continuous-wave operations, steady stress state is reached during each cycle.
The transient stress levels identified above can be used to provide guidance for determining the fatigue lifetime of a VED based on its mode of operation. The fatigue lifetime can be estimated based on stress-based or strain-based approaches depending on the identified stress environments. When the stress levels are sufficiently low (below the yield strength of the material), the stress-based approach should be employed. However, when the local stress levels are near or above the yield strength of the material, then the use of the strain-based approach is recommended. In this manner, the stress-based approach can be used for estimating the lifetime (or maximum allowable stress for the desired lifetime) of the moderate power short pulsed amplifier and a strain-based approach can be used for the high-power long pulsed amplifier.
In general, compressive stresses do not cause fatigue crack growth, since a crack propagates under tensile stresses. As shown in this paper, during initiation of the pulse, a tensile stress is created under the surface of the material providing appropriate conditions for crack growth. While further tests are required to develop a model to completely describe the fatigue behavior of a copper-based material in tensile-compressive environments, tensile stresses can be used to calculate the fatigue life of the device.
The most conservative values for the stress state of the material should be used for fatigue analysis for appropriate life predictions. As noted in the experimental results by Heikkinen [19] , Aicheler et al. [22] , and Laurent et al. [20] , the analytic results presented in this paper shows that the anisotropic behavior of individual copper grains shows damage earlier in (111) crystallographic orientations compared with (100).
Even though the thermal gradients cause compressive stresses, a fatigue crack still develops and continues to grow. This behavior can be explained by the development of a residual tensile stress in the region of compressive loading. Local plastic yielding causes a positive strain after the unloading of external stresses creating tensile environment around the crack to support its propagation [33] , [34] . In addition, an area of tensile stress develops under the surface of the material during the transient state that could be responsible for assisting in crack propagation through the material thickness. The Paris law, commonly employed in the fracture mechanics analysis, uses far-field stress to predict the crack propagation behavior and it cannot predict crack propagation with compressive loading. But for general analysis purposes, it can be assumed that compressive loads are sufficiently high to cause plastic deformation during the pulse throughout the plate, so that the created tensile stress state after unloading has a similar order of magnitude as the applied compressive load. However, more studies are needed to develop appropriate techniques for modeling crack propagation caused by compressive-tensile thermal loads also accounting for additional contribution of cracking to further heating.
